This paper reports preliminary results of simulating a synthetic jet interacting with the boundary layer flow in laminar separation. The numerical model development aimed to simulate the physical process in previous experimental investigation. A model for simulating the base flow was developed first and then extended to including the synthetic jet. The computational domain was three-dimensional and covered the exit of the synthetic jet actuator and the separation region. Large-eddy simulation (LES) was employed, and the initial and boundary conditions were defined using or referring to wind tunnel experimental results. The numerical model was verified by comparing the simulation with experimental results. Based on reasonable agreement between the numerical and experimental results, simulations were carried out to investigate the dependency of the synthetic jet's actuation on the forcing frequency, in a focused range of the lower Tollmien-Schlichting (T-S) frequencies.
I. Introduction
closed region formed by laminar separation followed by turbulent attachment is known as a laminar separation bubble. Laminar separation caused by adverse pressure gradient is a common phenomenon in aerodynamic devices. Although there are still many 'unknowns' in modeling the fluids, the challenge of CFD is now compounded with the introduction of active flow control technologies [18] , including flow separation control. The difficulties in modeling the separation bubble, especially the transition from laminar to turbulence, have been well known. As commented by Gad-el-hak, current inaccuracies in turbulence modeling can severely degrade CFD predictions once separation has occurred [3] . The over-prediction of the production of turbulence kinetic energy and dissipation were reported in [14] . However, at the meantime when he pointed out the problems, Gad-de-hak also justified that the essence of separation control was the calculation of attached flows, estimation of separation location, and indeed whether or not separation would occur [3] . This has given us the confidence in using CFD as an alternative tool for developing the synthetic jet actuator and also raised our cautiousness for using CFD properly.
Alam and Sandham reviewed the numerical simulation of laminar separation bubbles from the first attempt in 1990 to 1998 [1] , including LES used by Wilson and Pauley to simulate two-dimensional large structures [19] . They commented that only a few simulations provided good solution of the reattaching and developing turbulent boundary layer. Direct numerical simulation (DNS) of the incompressible Navier-Stokes equations was applied to simulating the 'short' laminar separation bubble caused by adverse pressure gradient in a boundary layer [1] [15] [20] . Alam and Sandham carried out simulations in both two-dimensional and three-dimensional, and concluded that twodimensional simulation failed to capture many of the detailed features achieved from the three-dimensional simulation. They compared their simulation results of transition length-based Reynolds number varying with local turbulence level with the experimental ones, and showed good agreements. Rist used his DNS simulation results to give an introduction and an overview on instability and transition mechanisms in laminar separation bubbles [15] . Regarding the numerical methods, Rist commented that RANS did not cover the unsteady flow physics and LES was not yet well proven for transitional flow.
Extensive work has been conducted on numerical modeling of the synthetic jet generated in a quiescent external flow condition (without fluid flow crossing the jet) [7] [8] [9] [17]. Kral et al [7] did not model the airflow inside the cavity but examined three different velocity distributions along the orifice. They investigated various jets, laminar and turbulent, pulsed and steady, and achieved very good agreement with experimental measurement. The models in [8] [9] [17] included the flow behavior in the cavity of the actuator and simulated not only the jets generated but also the compression/discharging and expansion/intake processes in the cavity. In comparison with the numerical simulation of synthetic jets in a quiescent condition, much less publications have reported numerical simulation of the interaction between the jets and the base flow to be controlled. This may be due to the difficulties reviewed above and insufficient database for verification. Mittal et al simulated the synthetic jet at the exit of the orifice with cross flow in a boundary layer under a zero pressure gradient [9] . Allan et al investigated the numerical simulation of a 2-D airfoil controlled by jets. They demonstrated the CFD model coupled with the model for rigid body motion [2] . Parekh et al [12] numerically simulated the experimental separation control on a thick airfoil using synthetic jet action conducted by Honohan et al [6] . Their model successfully predicted the reattachment dynamics and the dependence of controlling reattachment on forcing frequency. The applied numerical methods include 2-D incompressible flow model with Reynolds-averaged Navier-Stokes (RANS) [7] , and 2-D or 3-D model with direct numerical simulation (DNS) [9] [13] [15] .
As reviewed above, although computations for the synthetic jet in the absence of a cross flow and for a separating boundary layer have been performed respectively, an integrated numerical model including the synthetic jets in a separating boundary layer, is still being developed. Therefore, work reported in this paper aimed to develop a CFD model for numerically predicting the effectiveness of synthetic jets on flow separation control, focusing particularly on the effects of synthetic jets with lower forcing frequencies, which were in the range of TollmienSchlichting (T-S) instability.
II. Experimental background
Experimental results from [5] will be used to verify the numerical simulation in the present study. The experiments investigating the synthetic jet actuator (SJA) for controlling laminar separation were performed in the low speed wind tunnel in the Aerodynamics Laboratory at the University of Technology, Sydney. As shown in Fig. 1 , in the working section, a fairing was set above an aluminum flat plate with its angle adjustable for establishing the desired pressure gradient, similar to that of a diffusion compressor blade. The flat plate, located 1200 mm from the working section entrance, has a high quality surface finish. The leading edge of the upper surface is of slender elliptical form and the plate has a 0.250 negative incidence to avoid leading edge separation. Static taps were located every 25 mm along the streamwise centerline of the flat plate for pressure measurement using a multi-tube manometer. The streamwise velocity was measured, using a Dantec hot wire anemometry, in the boundary layer over the upper surface of the flat plate. The Streamline shown in Fig. 1 was a package of software and hardware for interfacing between the computer and the hotwire probe and for data acquisition. The probe was traversed in streamwise (x) and normal (y) directions. The sample rate was 6 kHz. The axial center of the orifice of the SJA was located 305 mm to the leading edge. Measurements were made at x = 40 ~ 160 mm downstream of the SJA (345 -465 mm from the leading edge) at 20mm intervals.
The SJA in the present study used piezoelectric material for driving the oscillating diaphragm, As shown in Fig.  1 , the SJA was installed underneath a flat plate over which the streamwise velocity was measured in a boundary The actuator membrane is a thin circular brass disc, 0.25mm in thickness, held firmly at its perimeter. A piezoceramic disc is bonded to the outside face of the membrane. The lowest resonant frequency of the membrane is 900 Hz and its lump sum capacitance is approximately 140 nF. In operation, the SJA was driven by a sine wave signal generated by a standard electrical function generator. An air jet was synthesized by oscillatory flow in and out of the cavity through the orifice open to the boundary layer.
III. Numerical methods
This section describes the large eddy simulation (LES) methods, the computational domain, the time and space discretization, and the boundary and initial conditions in the present study.
A. Large eddy simulation
Large Eddy simulation (LES) was employed in this study, in order to compromise the resources and the accuracy. CFD-ACE, a commercial code, was used as a solver. The governing equations for this flow are the equations of the incompressible Navier-Stokes and the continuity equations. In LES, the velocity components in the Navier-Stokes equations are decomposed into grid scale and sub-grid scale velocity, u i + û i , through the filter in space. The filtered Navier-Stokes and the continuity equations become as follows.
Where u i is the velocity in each of the three dimensions, x i and x j are the space coordinates, t is the time, p is the absolute pressure, ν is the kinematic viscosity and ρ is the fluid's density, τ ij is the sub-grid scale (SGS) stress. Dynamic Smagorinsky model was used for the approximation of SGS stress terms as previous numerical researches have proven the reliability of this model. Filtered Equations (1) and (2) were discretised in space using a secondorder central difference scheme with the second-order Crank-Nicolson method employed for time integration. For the numerical stability of the calculation, the convection term is integrated by means of a hybrid method of firstorder upwind difference scheme and second-order central difference scheme. 312×82×105 grid points were used, consisting of the concentrated mesh very near the wall and the orifice of the synthetic jet actuator using trigonometric function.
The time step was set as ∆t = 0.0004s and the total number of time steps was 1600 in each run. The flow was considered as transient and the convergence criterion was 10 -3 . The criterion of y + <5 in the viscous sub-layer [11] was also applied to assess the convergence. Here y + is the reduced coordinate in the direction normal to the wall. In the region of 0 < y <0.2δ, y + was less than 0.6 in the present study. Fig. 2 shows the computational domain corresponding to the experiments. x corresponds to the streamwise direction, y the wall-normal direction and z the spanwise direction in the coordinate system. The bottom of the computational domain is the upper surface of the flat plate in Fig. 1 . The dimensions of the computational domain are L x = 200mm, L y = 60mm and L z = 45 mm in streamwise, wall-normal and spanwise directions respectively. The dimension in y direction was empirically set to be sufficiently high so that the velocity field at the top of the domain was not to be influenced by the separation in the boundary layer at the bottom of the computational domain. The domain is symmetric about the streamwise centerline at z = 0. The reference position, x = 0, y = 0 and z = 0, is the center of the orifice at the exit of the SJA. The inlet The computational field was decomposed into six sections to run in six parallel processors in a cluster system. A hybrid scheme of second-order central difference and first order upwind difference was used for spatial discretization. A theta method which consists of forward and backward Euler method and Crank-Nicolson method was used for the time advancement. As the project aimed to simulate the boundary layer interacted with a synthetic jet, the mesh next to the wall and in the adjacent area of the orifice of the SJA was finer. The mesh gradually became coarse with the distance further from the orifice. The grid spaces, ∆x, ∆y and ∆z, near the orifice were determined based on the diameter of the orifice d 0 , according to d 0 /∆x = 10, d 0 /∆y = 20, d 0 /∆z = 10.
B. Computational domain
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C. Initial and boundary conditions
The initial and boundary conditions were defined to be consistent with that in the wind tunnel experiments. The velocity profile at the inlet of the computational domain was a Blasius profile with the boundary layer thickness based Reynolds number, Re δ , of 500. The disturbance level in the wall-normal direction was 1%. The boundary condition at the exit of the computational domain was defined by the pressure measured at x = 180 mm in the wind tunnel tests. The non-slip boundary condition was set along the bottom of the computational domain. The flow at the sidewalls of the computational domain in spanwise direction was assumed to be symmetric about z = 0.
In previous numerical studies of a boundary layer separation, the condition at the top boundary of the computational domain was defined by fixing the velocity which was a suction-blowing distribution [10] . A Gaussian suction (normal velocity) profile was defined at the top boundary of the 3-D computational domain [1] . By doing so, the separation and the reattachment points were fixed. Alternatively the entire wind tunnel was included in the model [20] . However, fixing the positions of the separation and reattachment does not suit the present study as effective synthetic jets modify the separation and reattachment points. Instead of velocity profile defined at the upper boundary of the domain, the pressure distribution on the flat plate obtained in the experiment as shown in Fig.  3 was imposed onto the top boundary of the computational domain.
In the present study, the cycle involving compression and expansion processes in the cavity of the SJA is not simulated. Instead, the velocity along the axial center of the orifice of the synthetic jet was defined as an inlet at the position for the exit of the synthetic jet actuator in the computational domain. The jet velocity was assumed to be a sine function of time in the y direction, and defined as V jet = V jet,max sin (2π f t). Where V jet is the jet velocity along the centerline of the orifice in y direction. V jet,max is the amplitude of the sine function. f is the forcing frequency and t is the time.
IV. Simulation of the base flow A. The separation bubble
The laminar separation bubble was formed in the LES simulation. The separation bubble can be viewed in different ways. As the streamwise velocity profile inside the separation zone has an inflexional point, this inflexional point with zero streamwise velocity, u = 0, may be used to visualize the separation bubble. Fig. 4 shows the 'edge' of the separation bubble with the zero streamwise velocity points on the x-y plane at the streamwise centerline. Here X S is the streamwise position of the separation point. x (mm) is the streamwise position with the maximum displacement. X T is the onset of the transition from laminar to turbulence, X R is the streamwise position of the reattachment and X u'max is the streamwise position with the maximum fluctuating velocity. As shown in Fig. 4 , the separation occurs at about x = 41mm and the flow reattaches to the wall at about x = 134mm. In region (1), [0; X S ], is attached laminar flow. In region (2) is detached laminar shear layer. The streamwise length of region (2) is 77% of the bubble length. For a laminar separation-short bubble, the onset of the transition from laminar to turbulence, X T , occurs at a position coincidently with the maximum displacement (X MD ) [4] . The transition from laminar to turbulence is characterized by a short early transition region which is the region (3) between [X MD , X T ] and [X R , X u'max ]. The length of region (3) is 23% of the bubble length. In region (3), the mid-transition point (X u'max ) is merged with the reattachment point, X R . This is consistent with the identification of a laminar separation bubble [4] . In region (4) is the developing turbulent flow after reattachment. For a laminar bubble in a short mode, caused by relatively moderate adverse pressure gradient, the vigorous mixing in the region of the maximum fluctuating velocity, u' max , led to reattachment [4] . The development of the maximum fluctuating velocity is shown in Fig.  5 . It can be seen that the maximum fluctuation remains constant up to the position about 20 mm upstream of the separation point. Inside the separation zone, the maximum fluctuating velocity increases exponentially until it reaches the position close to the reattachment point. The fluctuating velocity reaches its maximum at the reattachment. This is also consistent with the identification of a laminar separation-short bubble, that the turbulence level reaches maximum at the reattachment [4] , and with the results of DNS simulation of a laminar separation bubble in [16] . The cause of this rapid increase can be explained as that the disturbance upstream (defined at the inlet of the computational domain) is amplified by the Kelvin-Helmortz (K-H) instability in the free shear layer flow. After the reattachment point where the maximum of fluctuating velocity is reached, the flow quickly becomes turbulent, as shown by the decrease of the maximum fluctuating velocity in Fig. 5 . The fully turbulent state is not reached in the present study.
B. Model verification
The numerical model for the laminar separation bubble is verified by the experiments. Results of the mean and fluctuating velocity profiles, the bubble length, and the boundary layer properties are compared between the LES simulation and the wind tunnel tests. Fig. 6 shows the comparison of the mean and fluctuating velocity profiles at z = 0 in the separation region obtained from the experiment [5] and the numerical simulation. The mean velocity is the time mean of the streamwise velocity normalized by the velocity of the local potential flow. The fluctuating velocity was calculated as Where u' is the fluctuating velocity, u i is the ith sample data of the instantaneous streamwise velocity, u , is the mean of the streamwise velocity, and N is the sample size of one realization. Both numerical and experimental results in Fig. 6(a) show consistently the inflection points in the velocity profiles at y positions close to the wall in the region of x = 40~120 mm, indicating the separation. In the same region the fluctuating velocity is small, as sown in Fig. 6(b) , indicating a laminar separation. Both numerical and experimental results in Fig. 6 also consistently show that the reattachment occurs at a position between x = 120 and x = 140 mm, and that the mean velocity profiles are characterized by turbulent boundary layer, at x = 160 mm. The similar shapes of the velocity profiles and their comparative quantity positively support the verification of the LES model. The difference, however, between the numerical and experimental results shown in Fig. 6 is noticeable, especially in the transition region of x = 100~140 mm. The non-friction K-H instability, starting at x = 30 mm, develops more quickly in the numerical simulation than in the experiment. During the transition, the numerical fluctuating velocity is significantly greater than the experimental one, and is characterized by the stronger development of friction instability. When the flow becomes more steady at x = 160 mm, the difference between the numerical and experimental results is significantly reduced. Fig. 7 compares two boundary layer properties in the separation zone between the simulation and the experiments. Comparison of the two momentum thickness curves shows better agreement than that of the displacement in the laminar separation. Although the simulation over predicted the displacement thickness, both experimental and numerical results of thickness consistently have the maximum values which occur at the transition starting point. 
V. Simulation with synthetic jets
As described previously, the jet velocity of the SJA was defined by a sine function as a boundary condition at the position of the centerline of the orifice of the SJA, x = 0 mm. The simulation of the base flow without SJA was run until an equilibrium flow state was reached. The equilibrium flow state then served as the initial conditions for the simulations with the SJA. Based on our experimental results, the non-dimensional frequency F + = ∞ U x f was calculated to be in a range of 0.72~1.41. The forcing frequency, f, was 100 Hz which was in the lower frequency range of the T-S instability [5] . The bubble length which was between 60mm and 100mm in the experiments was taken as the characteristic length and the freestream velocity U ∞ was the velocity of the local potential flow in the separation zone. This is consistent with previous experience that the most effective non-dimensional frequency of a SJA was in an order of O(1) [18] .
Experimental results from our previous experimental study were also used to verify the numerical model simulating the synthetic jets. Fig. 8 shows the comparison of the experimental and numerical results at seven streamwise stations along the streamwise centerline, z = 0. The experimental results were obtained in a condition when the SJA was switched on with a forcing frequency of 100 Hz and forcing amplitude of ±7.5V [5] . The numerical results were from the LES simulation when the synthetic jet actuator was switched on with a forcing frequency of 100 Hz and a maximum jet velocity of 6.0 m/s. In Fig. 8(a) is the comparison of the normalized timemean velocity profiles, and in Fig. 8(b) is the comparison of the fluctuating velocity profiles corresponding to Fig.  8(a) . Based on the experiments in [5] , the separation point in the base flow was at a position between 40mm to 60mm, and the reattachment point was at a position between x = 120 and x = 140 mm. The base flow, in both experiment and numerical simulation, in Fig. 6 consistently show that the separation point is at x = 41mm, and the reattachment point at x = 134 mm. As shown in Fig. 8(a) , both numerical and experimental results of the mean velocity profiles demonstrated that the inflexion points in the mean velocity profiles in the base flow are removed by the SJA and the laminar separation bubble does not exist. Fig. 8(b) shows that the separation bubble is removed because the greater fluctuation, triggered by the SJA, enhances the mixing between the shear layer and the rest of the boundary layer. As a result, the laminar boundary layer is protected from separation. In terms of effective resistance to the laminar separation, the numerical results agree well with the experiments. The inconsistence between the numerical and experimental results, however, is also obvious as shown in Fig. 8 . At x = 40mm, the inflexion point is still present in the mean velocity profile of the experiment, but not in that of the numerical one. The corresponding fluctuating velocity profiles explain this as the numerical fluctuating velocity is greater, especially at y = 2.0 ~ 4.0 mm, than the experimental one. This shows that the synthetic jet in the numerical model accelerated the transition from laminar to turbulence more quickly than the synthetic jet did in the experiment. The differences between the numerical and experimental results of both mean and fluctuating velocity profiles are increasing downstream. At the positions close to the wall, y < 1.0mm, the numerical fluctuating velocity agrees relatively well with the experimental one, although the differences between the numerical and experimental results of mean velocity profiles at x = 100~160 mm are quite significant. The major inconsistence between the numerical and experimental results can also be seen from the fluctuating velocity profiles in the upper region of the boundary layer. Starting from x = 120 mm, an 'overhang' appears on the fluctuating velocity profile and expands (or diverges) towards the edge of the boundary layer downstream. This may be one more example to demonstrate the difficulty in simulating the transition to turbulence, as the base flow numerically simulated is very sensitive to the disturbance triggered by the SJA. A buffer box extended from the exit of the computational domain may be added to reduce the level of the difficulty.
In the wind tunnel tests, the traverse of the hotwire probe was restricted to streamwise and normal directions. The experimental data only provided information of the streamwise velocity measured at certain number of x and y positions along the streamwise centerline, z = 0. Results of the verified numerical model may help us extend our knowledge of the SJA. Fig. 9 shows the iso-surfaces of the instantaneous vorticity and the zero time mean of the streamwise velocity projected on x-z plane. Note the length unit is meter in Fig. 9 . The instantaneous vorticity of 5000 in Fig. 9 (a) was chosen because it was one of the vorticity values introduced by the synthetic jet to the laminar flow in the boundary layer. In Fig. 9(b) , the zero mean streamwise velocity, u = 0, was chosen to view the separation bubble because the zero mean streamwise velocity exists in the inflexional velocity profile in a laminar separation, as explained for Fig. 4 . The surface of this zero mean streamwise velocity shows the region of the laminar separation bubble. As shown in Fig. 9(a) , the vortices introduced by the synthetic jet propagate in both streamwise and spanwise directions. However, as shown in Fig. 9(b) , the laminar separation eliminated by a single SJA is within a region symmetric about the streamwise centerline. The minimum width of the eliminated separation bubble is about 16mm as measured at x = 90mm, equivalent to 32 times the jet orifice diameter of 0.5mm. Such information may help for determining the distance between two SJAs in spanwise direction.
VI. Conclusion
A numerical model was developed to simulate the interactions between a synthetic jet and the boundary layer flow field enclosing a 'short' laminar separation bubble caused by adverse pressure gradient. The computational domain was three-dimensional and covered the exit of the synthetic jet actuator. Large-eddy simulation (LES) was employed to compromise the computational resources and the accuracy of the numerical modelling. Dynamic Smagorinsky model was used for the approximation of sub-grid scale stress (SGS) terms. A commercial code was used as a solver of governing equations. The initial and boundary conditions were defined using or referring to our (a) (b) Figure 9 Top view of the iso-surface of instantaneous vorticity = 5600 (a) and the iso-surface of zero mean streamwise velocity u = 0 (b) wind tunnel experimental results. A separation bubble was achieved in the base flow simulation and identified to be a laminar-short bubble as investigated in experiment. Based on a reasonable agreement between the experimental and numerical results in the separation zone of the base flow, a synthetic jet was inserted at a position upstream of the laminar separation bubble in a LES model. Simulation results such as mean and fluctuating velocity profiles and boundary layer properties were compared with the experimental ones at seven positions on the streamwise centerline. In terms of the SJA's actuation, the experimental and numerical results agreed well as both showed effective elimination of the separation bubble when the forcing frequency was 100 Hz.
Numerical results showed that the base flow was very sensitive to the disturbance triggered by the SJA. The level of difficulties in simulating the transition from laminar to turbulence and in handling the diffusion increased when the SJA was switched on. Possible ways to reduce this difficulty level include further increasing the mesh density and the time steps, adding an artificial 'buffer' zone at the exit of the computational domain and improving the ratio of the grid aspects.
